The state of water in Tibetan milk mushroom zooglea with different degrees of hydration (h) was investigated using low-temperature PMR spectroscopy in air and in contact with the hydrophobic media polydimethylsiloxane PDMS-1000 and CHCl 3 with added trifl uoroacetic acid (TFA). The maximum hydration of the zooglea amounted to h = 32 g/g (of dry matter). Water existed as polyassociates (clusters or domains) of strongly and weakly associated water. Bound water decomposed into clusters in the presence of TFA. The NMR spectra showed six types of bound water at h = 0.3 g/g.
Photomicrographs of powders and emulsions were obtained on a Primo Star microscope (Carl Zeiss, Germany) at 400× and 1000× magnifi cation using immersion. NMR spectra were recorded on a high-resolution NMR spectrometer (Varian, Mercury) at operating frequency 400 MHz. Eight 1-μs 60-degree probe pulses at bandwidth 20 kHz were used. The probe temperature was controlled by a Bruker VT-1000 thermal accessory to ±1 K. Resonance intensities were determined by measuring peak areas using a procedure to deconvolute the resonance into components assuming a Gaussian peak shape and optimizing the baseline and phase to an accuracy that was <5% for well-resolved resonances and ±10% for overlapping resonances. The concentration of unfreezing water was measured by heating samples that were cooled beforehand to 210 K in order to avoid supercooling of the water in the samples. Temperature dependences of the NMR resonance intensities were measured using an automated cycle (sample held at constant temperature for 9 min; measurement time, 1 min).
Chemical shifts in Tibetan milk mushroom samples were measured in CDCl 3 or polydimethylsiloxane with the methyls taken as 0 ppm relative to the TMS resonance. An external TMS standard was used for the sample without organic medium (a part of the working volume of the measurement tube was fi lled with air). The biomass for the NMR measurements was 0.15-0.30 g.
Proton chemical shifts (δ H ) were used as the main parameter determining the structure of the water H-bond network. It was assumed that water, in which each molecule is involved in four H-bonds (two through protons and two through unshared O electron pairs), had chemical shift δ H = 7 ppm (as occurs in hexagonal ice) and weakly associated water (not involved in the formation of H-bonds as a proton donor), δ H = 1.0-1.5 ppm [4] . The Gibbs-Thompson equation that relates the radius of a spherical or cylindrical water cluster or domain (R) to the freezing-point depression was used to determine the geometric dimensions of the adsorbed water clusters [10, 11] :
where T m (R) is the melting point of ice located in pores of radius R; T m,∞ , the melting point of bulk ice; ρ, the solid-phase density; σ SL , the interaction energy of the solid with the liquid; and ΔH f , the volumetric enthalpy of fusion. Equation (1) could be written for practical use as ΔT m = k/R, in which k ≈ 50 K·nm for many heterogeneous systems containing water [10] . The procedure for taking the NMR measurements and the methods for determining the radii of the interfacial water clusters were described in detail [9] . Polyassociates with radii R < 2 nm were considered clusters; polyassociates of larger sizes, domains or nanodrops because they contained several thousand water molecules [8] . Free-energy changes due to effects from the limited space and the nature of the interface corresponded to freezing (thawing) of bound water. The differences from the bulk process decreased as the distance of the water layer from the surface increased. Bulk water froze at 273 K. Water layers closer to the surface froze as the temperature was lowered (without considering supercooling). The following equation was valid for measuring the free energy of bound water (ice):
where the numerical coeffi cient was related to the temperature coeffi cient of the Gibbs free-energy change for ice [4, 6] . The amount of strongly and weakly bound water and the thermodynamic characteristics of these layers could be calculated by determining the temperature dependence of the unfreezing water concentration C uw (T) from the resonance intensity according to the published procedure [9] . The interfacial energy of water at the boundary with the solid particles or in its aqueous solutions was determined as the modulus of the total reduction of the water free energy that was due to the presence of the interface [4] using the formula:
where max uw C was the total amount of unfreezing water at 273 K. The principal advantage of the procedure described above over solid-state NMR with magic-angle spinning was the ability to detect only those compounds for which the molecular motion was comparable with the molecular motion in the liquids. In this manner, resonances for only water and compounds soluble in the organic medium could be isolated from the total NMR resonance due to protons of biopolymers within the samples and the water bound to them. The resonance of the main part of the biopolymers was not observed because of the large difference in the transverse relaxation times of the liquids and the biopolymers in the viscous media.
Results and Discussion. Milk mushroom tissue is a heterogeneous material in which various cell types and the supracellular matrix can be identifi ed. Figure 1 shows photomicrographs of symbiont containing water (32 g/g) in air and with added silicone. PDMS-1000, despite its hydrophobicity, exhibits good affi nity for milk mushroom. This could be related to the existence on its surface of not only centers that bind a large amount of water but also hydrophobic portions that can interact with the silicone through a van-der-Waals mechanism. In particular, it penetrates easily into the symbiont tissue, fi lling the voids in it ( Fig. 1c ), or forms microdrops that include small pieces of tissue (Fig. 1d ). The silicone penetrating into the tissue is probably capable of diminishing the interactions among separate cells or cells and the intercellular matrix. Figure 2 shows variable temperature PMR spectra of milk mushroom symbiont samples in air and also with added PDMS-1000. Addition of the silicone weakened the bonds in the symbiont supracellular structures and formed in the silicone a small amount of a stable suspension of cells or their aggregates. Water in the starting symbiont that was located in the cell protoplasm and was bound to the intercellular matrix appeared in the spectrum as a broad resonance, the intensity of which decreased as the temperature was lowered because of partial freezing. The proton chemical shifts increased from 5 ppm at 280 K to 6 ppm at 220 K. The water δ H value indicated that all bound water existed in a strongly associated state analogous to liquid water in which each water molecule was involved in forming two or three H-bonds. The chemical shift that was slightly greater than for liquid water (δ H = 4.5-5 ppm) suggested that this type of water was highly ordered. Partial dehydration of the symbiont had little effect on the shape of bound-water spectra ( Fig. 2b and 2c ). The appearance of fi ne structure in the spectra at >270 K (Fig. 2b ) may have been related to the heterogeneity of the studied sample. A resonance at δ H = 1 ppm that was probably due to weakly associated water (WAW) was also observed in spectra of the weakly hydrated sample (Fig. 2c ) at >265 K.
The PDMS methyl resonances at δ H = 0 ppm appeared in the spectra with 30% silicone (Fig. 2e ). The temperature range in which the water resonance was recorded narrowed markedly. This effect was enhanced as the fraction of silicone in the sample increased ( Fig. 2d ). Also, a WAW resonance appeared in the spectra near δ H ≈ 1 ppm, which may have been due to WAW formed at the interface of the biomaterial with the hydrophobic PDMS medium [4] .
Resonances of methyl and methylene protons of aliphatic fragments in cell-membrane phospholipids were expected in this same spectral range. However, the observed resonance could be assigned primarily to WAW because of the small amount of dry material in the cell mass and the relatively high intensity of the resonance, which corresponded to 3 g of proton-containing substance per g of dry cell mass.
As a rule, polymers do not penetrate the cell membrane and are concentrated in the intercellular space or gaps between fi brils of the supracellular matrix. However, as was shown using yeast cells and rat liver tissue as examples [12] , a mixture of a weakly polar organic solvent (CHCl 3 ) and trifl uoroacetic acid (TFA) was capable of penetrating into the cells and affecting the state of the intracellular water. The CHCl 3 probably made the phospholipid layer of the cell membranes permeable to acid molecules by dissolving in it. The protoplasm was an aqueous medium in which the cell formative elements, the gaps between which had submicron dimensions, could exist. Therefore, it could be thought that water in the cells (and also in the intercellular gaps) existed as nano-sized polyassociates, i.e., clusters or domains. Figure 3a shows variable temperature PMR spectra of starting symbiont (h = 32 g/g) in 4CDCl 3 /1TFA. Two groups of resonances belonging to strongly associated water (SAW) and WAW are distinguishable in the spectra. The SAW resonances were shifted to weak fi eld (greater chemical shifts) owing to rapid proton-exchange between water molecules and TFA. The separate detection of several types of SAW clusters was due to slow exchange of water molecules within different clusters (domains). The different δ H values for resonances 1-3 indicated that TFA had different solubilities in SAW clusters with different structures or sizes. The smaller δ H was, the less soluble TFA was. Because the intensity of resonance 3 decreased more as the temperature was lowered, it was assumed that this resonance was due to relatively large water polyassociates. Considering that the chemical shift of the WAW resonance practically did not change in the presence of TFA, it was thought that this type of bound water did not dissolve TFA.
Partial dehydration of the symbiont (Fig. 3b ) simplifi ed the spectrum of unfreezing water. Only one SAW resonance was detected. Its chemical shift shifted to greater δ H values as the temperature was lowered. The dehydration was probably accompanied by a reduction in the linear dimensions of the cells (because the least strongly bound water was removed) and the approach of various types of water polyassociates, which caused the molecular exchange to accelerate. The differentiation of the various types of cluster structures in the symbiont sample was restored if the water content was decreased further (h = 0.3 g/g, Fig. 3c ). Moreover, resonance 4 that belonged to SAW that did not dissolve TFA and had a partially destroyed H-bond network appeared at δ H = 4 ppm. Also, the intensity of the resonance at δ H = 1 ppm, which could be assigned to both WAW and CH 2 groups of cell-membrane phospholipids, increased signifi cantly (compare Fig. 3c with Fig. 3a and 3b ). In addition, a resonance for which the intensity increased with decreasing temperature was recorded at δ H = 2 ppm. One of the WAW species involving molecules of the hydrophobic medium that did not dissolve TFA was probably stabilized. Figure 4a shows the concentration of unfreezing water as a function of temperature; Fig. 4b , the radius size distribution of bound water clusters (domains) that was calculated using the Gibbs-Thompson equation [Eq. (1)]. Table 1 presents the characteristics of the water layers and the interphase energy of the symbiont in aqueous medium and with added PDMS-1000.
According to Fig. 4a , the cell mass bound a very large amount of water, which reached 32 g per g of dry cell mass. The functions C uw (T) showed an infl ection at 260 K that divided them into two parts corresponding to strongly bound (SBW) and weakly bound (WBW) water [4, 6] . A large part of the water retained by the symbiont was WBW (froze at >260 K). The fraction of SBW increased with decreasing sample (in air) hydration. The interphase energy, which determined the total reduction of the water free energy due to its interaction with the interfaces, decreased in proportion to the sample hydration. The presence of silicone caused ΔG max , which determined the free-energy decrease in the water layer bounding the surface, to decrease. Hence, PDMS-1000 weakened the interaction of water with biopolymer structures of the cells and supracellular matrix. The decreased effectiveness of the intercellular bonds because of the interaction with liquid silicone caused the amount of SBW to decrease from 5.5 to 1 g/g ( Table 1 ).
Substantial differences were also observed in the radius size distributions of intracellular water clusters (Fig. 4b ). The contributions of water clusters and domains with R < 10 nm and R = 100 nm were elevated in the starting cell mass. The contribution of water domains with R = 100 nm decreased as the water content decreased. The presence of silicone in the symbiont caused clusters with R < 1 nm (PDMS 0.3 g/g) and R < 2 nm (PDMS 2 g/g) to disappear.
Conclusions. PMR spectroscopy showed that the maximum hydration of milk symbiont was 32 g per g of dry substance with greater than 5 g/g of water being SBW that froze at <260 K. Water bound by the symbiont existed as clusters and domains of radii 0.6-100 nm. The presence of a hydrophobic medium or partial dehydration could lead to the formation of a signifi cant amount of WAW. Bound water was differentiated into a system of polyassociates that bound different amounts of TFA in a mixed organic medium consisting of eight parts CHCl 3 and one part TFA. The spectra exhibited up to six water resonances, among which WAW and several forms of SAW did not dissolve TFA. The silicone medium decreased considerably the interaction of bound water with the internal interfaces. Fig. 4 . Concentration change of unfreezing water as a function of temperature (Gibbs free-energy change) (a) and radius size distribution of clusters (domains) of unfreezing water (b) for milk symbiont with hydration h = 32 g/g, air (1); 32 g/g, PDMS 0.3/1 (2); 29 g/g, PDMS 2/1 (3); 16 g/g, air (4); and 0.25 g/g, air (5). 
